The intestinal permeability of low-molecular-weight hyaluronan (LMW-HA) was investigated by using cultured monolayers of Caco-2 cells. The amount of LMW-HA that permeated the Caco-2 monolayers was measured by a carbazole assay. The permeability of LMW-HA increased inversely with the molecular size and was dose-dependent. The transport was observed to be energy-independent, and was correlated with the tight junction (TJ) permeability. These results suggest that LMW-HA permeated the Caco-2 cell monolayers via the paracellular pathway.
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Key words: hyaluronan; Caco-2; tight junction; paracallular pathway Hyaluronan (HA) is a glycosaminoglycan polymer composed of repeating D-glucuronic acid and N-acetyl glucosamine disaccharide units which normally exists as a polymer with high molecular mass (several thousand kDa). HA is a major component of the extracellular matrix and has a wide range of physiological roles. 1) It has been reported that the extractability of HA decreases by aging due to the firmer binding between HA and HA-binding proteins (hyaladherins).
2) An epidemiological research has suggested that the longterm intake of HA is effective in improving the skin condition. 3, 4) Supplementing HA by oral ingestion, as a means of anti-aging of the skin, is being paid increasing attention. The most important factor in defining the oral uptake of food substances would be their absorbability across the intestinal epithelium. However, how HA passes through the intestinal epithelium has not yet been elucidated. Prehm and Schumacher 5) have found that HA synthesized in human fibroblasts was secreted from the cells by energy-dependent transport proteins and suggested multidrug-resistance transporters (MRPs) to be involved in the transport of HA. On the other hand, small-sized HA produced by acid or enzymatic digestion is thought to be absorbed more quickly than intact HA with a large molecular mass. In this study, we examined the transport of LMW-HA across the intestinal epithelium and its mechanism by using Caco-2 cell monolayers as a model.
Caco-2 cells (ATCC, Rockville, MD, USA) were cultured at a density of 2 Â 10 5 cells per well in 12-well Transwell inserts (12-mm diameter and 0.4-mm pore size, Corning Costar, NY, USA) precoated with collagen. To achieve full differentiation, the cells were cultured for 14 d with a culture medium containing DMEM (Sigma, St. Louis, MO, USA), 10% fetal bovine serum (Sigma, St. Louis, MO, USA), 1% non-essential amino acids (Gibco, Gaithersburg, MD, USA) and 100 U/ml of penicillin-100 mg/ml of streptomycin (Gibco, Gaithersburg, MD, USA). The apical side of Caco-2 cell monolayers cultured in 12-well Transwell inserts was washed twice with a Hank's balanced salt solution without glucose (Glc (À) HBSS), then were set in 12-well cluster plates and equilibrated with Glc (À) HBSS (inside, 500 ml; outside, 1500 ml) at 37 C for 1 h. After Glc (À) HBSS had been removed from the inserts, 500 ml of Glc (À) HBSS with or without an assay sample was added to the insert which was then incubated at 37 C for 2 h. The transepithelial electrical resistance (TER) of the monolayers was measured twice with Millicell-ERS equipment (Millipore, Molsheim, France) after 1 h of preincubation and 2 h of incubation with a sample.
HA from Streptococcus zooepidemicus (FCH-200) was from Kibun Food Chemifa (Tokyo, Japan). FCH-200 was dissolved in MilliQ water at a 5.0 mg/ml concentration, and digested with hyaluronidase (Amano Enzyme, Nagoya, Japan) of different concentrations at 60 C for 18 h. The reaction was stopped by boiling for 5 minutes. After evaporating, each digest was filtered and freeze-dried. HA samples with average molecular y To whom correspondence should be addressed. Tel: +81-3-5841-5127; Fax: +81-3-5841-8026; E-mail: ams316@mail.ecc.u-tokyo.ac.jp Abbreviations: LMW-HA, low-molecular-weight hyaluronan (hyaluronic acid); TJ, tight junction; Cyto B, cytochalasin B; IFN, interferon masses of 100, 70 and 20 kDa, together with the fraction with a molecular mass of less than 5 kDa (<5 kDa HA) were prepared. The hyaluronan preparations were analyzed by GPC-HPLC, using serially combined columns of TSK-gel G6000PWXL, G4000PWXL and G6000PWXL (Tosoh, Tokyo, Japan) under a constant flow (1 ml/min) of 0.2 M NaCl at 30 C. The eluate was monitored at 210 nm. The average molecular weight was determined on the basis of the molecular-weight measuring standard, Shodex Standard P-82.
An HA sample (5.0 mg/ml) was added to the apical chamber of the Caco-2 cell monolayers, and the amount of HA that permeated to the basal side of the monolayers was determined by using a carbazole assay. 6) As shown in Fig. 1A , the amount of permeated HA increased inversely with its molecular weight. The permeation rate of <5 kDa HA increased linearly with its concentration (Fig. 1B) .
To investigate whether or not an energy-dependent transport system such as transporters and transcytosis participated in the permeation of <5 kDa HA, sodium azide, a metabolic inhibitor, was added to the apical side 30 min before the transport experiment. The sodium azide treatment did not affect the transport rate (data not shown), suggesting that <5 kDa HA transport across the Caco-2 monolayers did not require energy. Furthermore, we examined the effects of interferon-(IFN-; Peprotech, Rocky Hill, NJ, USA) and cytochalasin B (Cyto B) on the transport rate of <5 kDa HA. IFN-and Cyto B are known to increase the paracellular passive diffusion across Caco-2 intestinal epithelial cell monolayers by altering the cytoskeletal structure, resulting in the opening of tight junctions. 7, 8) If <5 kDa HA was transported mainly by the capacity of the paracellular pathway, the transport rate would correlatively increase with the increased tight junctional permeability induced by IFN- 7) or Cyto B. 8) Both the IFN-and Cyto B treatments reduced the TER value of the Caco-2 monolayers, the amount of permeated <5 kDa HA increasing in proportion to the Cyto B concentration (Fig. 2) . These results suggest that paracellular diffusion was the main mechanism for the transport of <5 kDa HA across the Caco-2 cell monolayers.
The <5 kDa HA sample added to the apical solution and the compounds transported to the basal solution after the permeation experiment were analyzed by HPLC. Each test solution was diluted with an equal amount of distilled water prior to the analysis. Twenty ml of a diluted sample was injected into the HPLC system under a constant flow (1.0 ml/min) of distilled water. Oligosaccharides were separated by using a TSK-gel Super-Q column (Tosoh, Tokyo, Japan) under an 80-min linear gradient of 0-300 mM NaCl at 40 C, the flow rate of the mobile phase being 1.0 ml/min. The eluted hyaluronan was detected by using post-column labeling with phenylhydrazine under the following conditions: the reactant solution, 54.2% phosphoric acid/44.3% acetic acid/1.5% phenylhydrazine; flow rate of the reactant solution, 0.4 ml/min; reaction temperature, 145 C; reaction coil, 0:5 mm Â 20 m PEEK tube; detection, Ex 330 nm and Em 470 nm. To determine the molecular size of the component in each peak, uniform-size HA oligosaccharides from 4-mers to 10-mers were used as standards. Each HPLC peak was identified by ESI-TOF-MS, the presence of HA oligosaccharides of 4-mer to 26-mer in the <5 kDa HA sample being apparent. Although these peaks were similarly observed in the initial sample and in the basal solution after the permeation experiment (Fig. 3A) , the compositions of the HA oligosaccharides before and after permeation were different. Tetrasaccharides showed the maximal permeation, and the permeability of the oligosaccharides decreased inversely with the degree of polymerization of the HA oligosaccharides (Fig. 3B) , suggesting that the transepithelial flux of the A, HPLC profiles of the initial <5 kDa HA sample (top) and HA in the basal solution of the Caco-2 cell monolayers after the permeation experiment for 2 h (bottom). B, Relative permeability to the HA oligosaccharides. The permeability to each HA oligosaccharide was calculated as (Area of peak in the basal solution)/(Area of peak in the initial sample) and is expressed as the relative value to that of the HA-tetramer.
HA oligosaccharides was size-dependent.
Satake et al. 9) have reported that approximately 2% of Val-Pro-Pro, a hypotensive tripeptide, in the apical chamber was paracellularly transported across the Caco-2 cell monolayers in 1 h. The transepithelial flux of LMW-HA (<5 kDa HA in a 5.0 mg/ml solution) in the present study was approximately 1 mg/cm 2 /h ( Figs. 1 and 2) , which indicates that only 0.04% of LMW-HA in the apical chamber passed across the normal Caco-2 cell monolayers. This value is markedly lower than the value for Val-Pro-Pro. This low permeability to LMW-HA is probably because the Caco-2 cell monolayers used in the present study had tight junctions with a high TER value (higher than 500 ohmÁcm 2 ), while the TER value of the Caco-2 cell monolayers used by Satake et al. 9) was 100-150 ohmÁcm 2 . Since the natural small intestinal epithelium (ileum) has been reported to have a TER value of less than 50 ohmÁcm 2 , 10) the paracellular pores in the native intestine would have been much larger than those in the Caco-2 cell monolayers and could transport more LMW-HA.
Yee 11) has suggested that in vivo absorption in humans could be predicted by the in vitro permeability (P app ) across Caco-2 cells. According to our present results, the flux of LMW-HA across the Caco-2 monolayers (TER of around 50 ohmÁcm 2 ) was 20-25 mg/cm 2 /h (Fig. 2) , and P app of LMW-HA was calculated to be about 1:1 Â 10 À6 -1:4 Â 10 À6 cm/sec. If the prediction procedure proposed by Yee 11) is correct, the in vivo absorption of LMW-HA can then be estimated to be approximately 30%, which indicates that this compound will be ''moderately'' absorbed. 11) An accurate estimation of the in vivo absorption of HA oligosaccharides, however, needs further studies on the correlation between in vitro and in vivo experiments. Since HA fragments have been suggested to play an important role in a number of biological processes, 12) it is probable that the absorbed HA fragments affect in some way the cells in intestinal lamina propria. Digestion of HA to oligosaccharides would be a useful means for HA to be efficiently absorbed after its oral administration.
